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FALSE INDICATORS TO ACOUSTIC-TO-SEISMIC BURIED LANDMINE DETECTION

0.0 ABSTRACT

The U. S. Office of Naval Research (ONR) issued Grant N00014-02-1-0878 24 for False
Indicators to Acoustic-to-Seismic Buried Landmine Detection to the National Center for
Physical Acoustics (NCPA) at the University of Mississippi. This report covers the period from
1 July 2002 through 30 September 2007. Significant advances were made in the understanding
of the causes of false alarms for the acoustic mine detection technology during this grant. These
advances include a clearer understanding of the phenomena underlying the technology,
development of models, and development of signal processing techniques to reduce false alarms.

The key results of this research were published in scientific journals and in graduate
theses/dissertations. Peer-reviewed publications include:
* V. N. Fokin, M. S. Fokina, J. M. Sabatier, N. Xiang, and W. B Howard, "Effect of variability

of soil physical properties on clutter and false alarms in landmine detection," Radio Sci., 39,
RS4S04 (2004)

* Vladimir N. Fokin, Margarita S. Fokina, James M. Sabatier, and Zhiqu Lu, "Effect of ground
variability on acoustic-to-seismic transfer function and false alarms in landmine detection," J.
Acoust. Soc. Am., 120(2), 621-630 (2006).

" D. Velea, R. Waxler, and J. M. Sabatier, "An effective fluid model for landmine detection
using acoustic to seismic coupling," J. Acoust. Soc. Am., 115 (5), 1993-2002 (2004).

• W. C. Kirkpatrick Alberts II, James M Sabatier, Roger Waxler, "Resonance frequency shift
saturation in acoustic landmine detection experiments," J. Acoust. Soc. Am. 120(4), 1881-
1886 (2006)

• W. C. Kirkpatrick Alberts II, Roger Waxier, and James M Sabatier, "Studying the
mechanical behavior of a plastic, shock-resisting, anti-tank landmine," J. Acoust. Soc. Am.
120(6), 3655-3663 (2006).

Graduate degrees completed as part of this program included:
" Doctoral dissertation completed: W. C. K. Alberts II, "A study of the acoustic behavior of a

plastic blast hardened antitank landmine," University of Mississippi, October 2005.
* Master's thesis completed: G. Matalkah, "Apparatus and algorithms for acoustic landmine

detection," University of Mississippi, May 2007.
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A. The Effect of Soil Reconsolidation on Acoustic Mine Detection A-I

2.0 INTRODUCTION

The proliferation of relatively cheap landmines in many of the world's conflicts has led to
a critical situation. Most methods of locating landmines trigger on too many false alarms that
must each be investigated before declaring an area to be clear of mines. Meanwhile, plastic
landmines have been developed that cannot be detected using metal detectors. The confluence of
these two factors led the US Department of Defense to seek accurate means of detection coupled
with a low false alarm rate. The Office of Naval Research (ONR), Army Research Office
(ARO), and US Army Night Vision and Electronic Sensors Directorate (NVESD) issued a series
of contracts and grants to the University of Mississippi's National Center for Physical Acoustics
(NCPA) to demonstrate and advance the ability of acoustic/seismic techniques in locating
landmines.

Using this technique, landmines are acoustically located by exciting the ground using
sound or seismic waves. The mine, a hollow, man-made object, resonates, causing the insonified
ground to vibrate vith greater amplitude. The vibration is measured using a non-contact device,
such as a laser Doppler vibrometer (LDV) and the signal is processed to produce an image of the
buried landmine.

NCPA has demonstrated the effectiveness of this technique in testing under varying
conditions at the University of Mississippi, Fort A. P. Hill VA, and Yuma Proving Grounds AZ.
These tests have included blind tests in which the testers did not know whether or not a section
of ground contained a mine and have included both downward and forward-looking tests. The
results of each test series clearly showed that the acoustic technique is a very accurate means for
locating landmines.

In 2002, ONR issued Grant N00014-02-1-0878 to NCPA to conduct research to better
understand the causes of false alarms and to develop methods to significantly reduce them.

3.0 METHODS, ASSUMPTIONS, AND PROCEDURES

The physics underlying acoustic mine detection and the baseline methodology in use
during this grant are discussed in detail in the Final Reports for Contracts DAAB07-97-C-6040
[1], DAAB15-00-C-1005 [2], and DAAB15-02-C-0024 [3]. The purpose of this grant was to
better understand the causes of false alarms for acoustic/seismic mine detection and develop
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methods to mitigate them. During this grant, many variations of equipment for acoustic/seismic
landmine detection were in use and are described in Reference [3].

Generically speaking, energy radiates from an excitation source in the vicinity of the
target area. The excitation source may be either loudspeakers or mechanical shakers. The
energy couples into the ground and induces resonance in manmade objects such as landmines.
The vibration of the ground surface is amplified by resonance in the buried objects. Mines are
located by comparing the magnitude of the vibrational amplitude of the ground over the mines to
the magnitude of the vibrational amplitude away from the mines. Areas of higher amplitude
indicate possible mines. When mapped, if these areas of increased amplitude are the right size
and shape for a mine, and are consistent over a number of frequency bands, then the decision is
made that a mine is present. Figure 1 schematically illustrates the measurement setup employed
in outdoor field measurements. Several configurations were used in field testing. Figure 2
shows a photograph of an acoustic-to-seismic landmine detection data collection apparatus used
in field-testing early in the contract that employs a single-beam scanning LDV and loudspeakers.
Figure 3 shows the functional prototype of the confirmation sensor currently used for landmine
detection testing.

To mirror control Loser Doppler

Ch.i

Bandpass K
--i filter (B'+)

Amplifer

Amplifier

Camera ,__ __

So XYMirrors

Ground Lcto

Figure 1. Schematic diagram of the Figure 2. Photograph of the acoustic-
measurement apparatus used in to-seismic landmine detection data
acoustic-tn-seismic iandmine detection, collection apparatus with a scanning

single-beam LDV and loudspeakers.
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Figure 3. Functional prototype of a confirmation sensor
with mechanical shakers and multiple-beam vibrometer.

4.0 RESULTS AND DISCUSSION

The research conducted under this grant fell under four basic tasks: (1) analysis of
existing data to better understand clutter and strong false indicators; (2) identification of physical
properties of the soil that cause the S/A ratio response associated vith strong false indicators: (3)
linear and nonlinear S/A-coupling experimentation to study strong false indicators; and (4)
development of medels used to predict and mitigate false alarms.

Soil Property Variations

One key soarce of false alarms lies in the variability of soil properties. Experimentation,
data analysis and modeling have shown a strong influence of the spatial variability of ground
properties on fluctuations in the acoustic-to-seismic transfer function (A/S TF), the ratio of the
normal particle velocity on the ground to sound pressure. In some cases, these fluctuations may
lead to false alarms in landmine detection.

To understand the effects of acoustic natural velocity variability and their influence on
potential false indicators in landmine detection, the following research was performed.

Numerical investizations of the features of the acoustic-to-seismic transfer
function in the vicinity of the critical angles

Computations of the acoustic-to-seismic transfer function (TF) for typical sets of soil
parameters were performed with original code based on the Dunkin-Thrower's matrix approach.
Numerical investigations show that in the vicinity of critical angles increased energy reflection
from the deeper layers toward the air/soil interface resulting in an increase in the magnitude of
the TF and lead to rapid changes in the phase of the TF. At the lower frequencies, the sound
wavelength may be much greater than the thickness of the soil layer (A>>d); the wave is not
significantly affected by the thin layer. It was revealed that both critical angles that are
connected with the layering of the ground and sound speeds in the half-space may be determined
on the "frequency-angle" plane, when the frequency is sufficiently high. Comparison between
measured and calculated transfer function was performed. It shows that layered viscoelastic
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model of the ground may be successfully used for analysis of influence of ground parameters on
the acoustic-to-seismic transfer function.

Effect of round variability on the acoustic-seismic transfer function

O T F.Wom. W hmmTo understand the effect of natural variability
7 0 of ground parameters on the acoustic-to-seismic TF,-m numerical investigations were performed for the
Wmodel consisting of one elastic layer covering an

elastic half space. Numerical investigations shown
I4 that density, attenuation of compressional and shear

3W waves and parameters of the elastic half-space have
2less effect on the acoustic-to-seismic TF than the
1W* thickness, compressional and shear speed of the layer.

20 40 fo so 100 Here we will consider only the effect of shear wave
Sh r "W. n*speed in the layer on the acoustic-to-seismic TF. It is
Figure 4 convenient to examine the TF on the "frequency-

shear speed" plane (Figure 4). All other parameters of the model are kept constant.
Minima and maxima of TF in Figure 4 form a set of the fan-like straight lines coming

from the point with the coordinates (0.0). Analysis of TF(t'c, make it possible to explain why
the number of the false indicators increases when the frequency increases. For a I m2 outdoor
soil plot, let c, has a range of 90-100 m/s variability from one spatial point to another. At low
frequency range (f=50 Hz) changing of c, does not lead to significant changes in the TF. A
horizontal section at 50 Hz of the surface in Figure 4 shows that the value of TF doesn't
significantly change for this range of shear speeds. However, in the high frequency range (f:800
Hz) the TF value changes from a maximum to a minimum twice within the same variation of c,
in the layer. This means that small variations of c, will more probably cause fluctuations in the
TF at high frequencies than at low frequencies. Therefore, the presence of natural ground
variations of c, will lead to an increase in the clutter level at higher frequencies when compared
with lower frequencies for the same spot.

Effect of distributed sound sources on the transfer function

In the configurations used for landmine detection, the size of the sound source is
comparable with the distance to the point of measurement. As a first approximation. the sound
field at the point of measurement may be presented as a function of the source aperture over a
range of corresponding incidence angles. Integration of the plane wave TF(f 9) over the range of
incidence angles will give TF() for a distributed source. The positions of the TF maxima change
slowly with changing of the angle, when 0°<0<0 and 02<0<90, here 01,2=arcsin(c/c,d are
critical angles. Analyzing the dependence of the transfer function as a function of angle, one
may notice that integration by angle will have practically no effect on transfer function in the
range of 0=0°-O, and 0=-02-90'. This influence may be dramatic if the range of integration of the
TF includes angles between critical angles 01 and 02. In this case, peaks of the transfer function
will be lower and wider than peaks of the TF for a single angle. This may be a reason why
experimentally-measured transfer functions often have wider peaks than calculated ones. If the
range of integration includes the critical angles, the positions of minima and maxima in the
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integrated TF may be different from the positions of minima and maxima for average angle
within the range of integration. Therefore, the TF for a distributed sound source always retains
the main features that are connected with propagation of compressional and shear waves in the
layered structure of the ground.

Experimental investizations and analysis of data to verify the ideas concernin
clutter and stronz false indicators

o 7 -Experimental investigations using a high frequency
resolution were performed on a dirt lane at an Army test site to
understand the physical nature of the natural velocity
variability and its influence on false indicators. At the time of

20 measurements, the surface of the ground within theE
"1'3o0 measurement site visually consisted of wet and dry spots of

irregular shapes as seen in the background CCD camera photo
400 (Figure 5). Positions of measurements points within the scan

area with high particle velocities vary from one frequency sub-
o 10o 200 300 400 band to another and seem to have random locations. Analysisx, mm of LDV data revealed that measurement points with high

Figue 5 particle velocity are co-located with the wet spots of the soil

surface. Further, regions or sub-areas consisting of several near by measurement points with
high normal velocities and the areas of the wet spots on the surface of the ground are visually.
highly correlated. The result of combining the high velocity measurement points (red points)
and the visual photo image of the scanned area is shown in Figure 5. The red points were
accumulated in the frequency band 420-650 Hz. It is clearly seen that locations of the wet spots
and the high velocity points are highly correlated.

A simple model was suggested to explain this phenomenon. Heavy equipment used in
the construction of the road (graders and rollers) produced regions with different strain states due
to inhomogeneity of the road material. Regions with higher strain states have greater densities
and higher sound speeds. These regions will have lower water permeability and lower porosity
and dry more quickly after rain than regions with lower strain states, less density and lower
sound speeds. Numerical investigations show that a ground with low density and low sound
speed has a higher magnitude of the TF. This explains the correlation between the regions with
higher magnitude of TF and the wet regions. It is believed that spatial locations that have high
particle velocity in different frequency sub-bands may be due to variation of the depth of the
inhomogeneity of the layer within the wet regions. This model gives a physical understanding
the nature of natural velocity variability and link between the physical properties of soil and
magnitude of the acoustic-seismic transfer function.

Estimation of average Properties of the ground

To investigate the false alarm rate, it is important to know both the average and local
properties of the ground. A technique was developed to obtain the average properties of the
ground and the approximate depth of the layers in the ground. The technique explores the
horizontal waveguide properties of the top layer of the ground. Due to the layered structure of
the ground, the acoustic waves may propagate in an undersurface waveguide forming the
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structures on the frequency-range plane (Figure 6). Using a Fourier transform along the range
axis, the dependencies of the wave numbers upon the frequency may be obtained (Figure 7).
According to the mode theory, the asymptotes coming from the point (0,0) should exist on the
wave number-frequency plane (dashed lines). From the inclinations of these asymptotes, the
minimum and maximum sound speeds in the waveguide, which were equal to 100m/s and

20- 530m/s respectively in this case, may be
400 l determined. To determine the depths of the layers,
350 one may take the Fourier transform from the

oexperimental field data along the frequency axis
50 and reveal the time structure of the signal. The

180 periods in the time delays are related to the depthsg200 of the layers in the ground. Consequently, it is

50 100 possible to estimate the depths of the layers as well
100- 120 as to estimate the sound speed in the top layer of

2 4 6 8 the ground. These estimations of the average depth
Figure 6 of the layers coincide well with the depth of the

DFT in space dormin layers obtained by inversion of the local properties
400 of the ground.
350
3 Estimation of local Properties of the zround by the

0resonance technique
4)250

L.o Along with average properties of the
ground, the fluctuations of properties from point to

100] point (or local properties) are very important for the
5Wavenuwerl 0  15 creation of a model of false alarms. Consequently,

Figure 7 a method for the C, m/s
determination of 200
local properties of 20

the ground was developed. Investigations of the acoustic-to- 180
seismic transfer function (A/S TF) for a layered model of the 160
ground show that positions of minima and maxima in the 140
frequency dependent A/S TF have low sensitivity both to the ,
parameters of the underlying substrate and the densities and 1281 0.2 0.3 0.4 0.5
attenuations in the upper layers. This tact permits the use of the D, m
resonance characteristics of the A/S TF fbr obtaining the ground Figure 8.
properties. Two different techniques were developed and 5 " -

tested on the model and experimental data. The first technique 4.5

is based on utilizing the angular dependence of the A/S TF. 4

Estimation of only two parameters, namely C and D, are 3

illustrated here. The best result may be obtained when the
resonance frequency, the resonance amplitude, and the

15resonance half-width are used simultaneously for obtaining
properties of the layered ground. The Figure 8 illustrates the
results of estimating the ground properties (C - the sound speed i ,0 I M M 3 N M

and D - the layer thickness) from the synthesized numerical Figure 9. fi.WA.
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data. The weighted function has a sharp global maximum (red spot, Figure 8) which permits
determination the properties of the ground. Other parameters of the ground also may be
determined.

A second technique was used to obtain local properties of the layered ground from
outdoor measurements of the A/S TF. A combination of the resonance approach utilizing the
frequency positions of the resonances along with the global search method was used for
obtaining 17 parameters of the ground model which consisted of two elastic layers over an
elastic substrate. In Figure 9, the measured frequency dependence of the TF is shown as a red
curve. The blue curve in Figure 9 shows the results of reconstruction. It is easy to see that the
basic features and even details (especially the small peaks in the vicinity of 90 Hz and 250 Hz) in
the experimental and the numerical model data are in good agreement.

A model of false alarms

Nun,wrkA ,nng During the first year of investigation, the correlationTF I y, 4ft41 204WO Hz
,'~ ,- ~ between the positions of the wet spots on the ground and the

_positions of the high values of the A/S TF was revealed. A
, layered, visco-elastic model of the ground explaining this

s correlation was suggested. Further investigations confirm the
validity of the suggested model. This model was used for
numerical modeling of the spatial distribution of the high values
of the A/S TF. During this modeling, it was speculated that the

Fiur model of the ground with the wet spots consisted of two0 x. m 0.48 different elastic layers, covering the elastic substrate. The upper
AiurfW 1 estsite layer was less dense and had a lower sound speed than the

F (x, y, 4 fk420-W H second layer. The model of the ground outside of the wet spots
, - consists of one elastic layer in which the parameters are equal to

J 1 i the parameters of the second layer in the wet spot model. The
spatial distribution of the different models was estimated from
the spatial distribution of the measured A/S TF. The result of

E , the computation of the A/S TF is presented on the Figure 10.
Strong correlation between the calculated (Figure 10) and
measured (Figure 11) transfer functions is clearly seen. Thus,
the suggested viscoelastic layered model may explain the nature

e of the strong response of the A/S TF and may be successfully0, M 0.48 use fo-ac l t o s
Figure I I ue b acltos

Spatial variability of the transfer function

Understanding of spatial variability of the TF is necessary for successful prediction of
the probability of landmine detection in real environments. A laser Doppler vibrometer (LDV)
was used for measurements of the A/S TF. During the LDV measurements, additional noise may
be added to the A/S TF. The sound field interacting with the LDV excites vibrations in the LDV.
These vibrations are added to the measured vibrations of the ground and may mask the frequency
and spatial dependences of the A/S TF. The LDV vibrations have the same Fourier spectrum at
all spatial points and can be eliminated by a simple processing of
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TFe(x,,f)=TF(x,y,f)-E ETF(x,y,f). (1)
x y

Iwx,J&y-constf) ong the road ,0. This operation makes spatial variations of the TF more
9visible. The spatial dependence of the TF(x,y=consft,)

,. (the section of the TF along the road) is shown in Figure
12. In Figure 12, one can see two sets of the color lines.

0.5
O The close lines with the positive angle with respect to

the x-axis (+) are observed at the lower frequencies. The
N 1 lines with the negative angle with respect to the x-axis (-

. ) are observed at the higher frequencies. The spatial
,Wa 10 20 30 40 2 dependence of the TF,(x=cons1,yf) (the section of the

x, cm TF across the road) also has two sets of the lines, but
Figure 12 - both with positive inclinations. A model of the ground

M :: that incorporates the velocity variability data is
necessary for explanation of this effect. Investigations

1of the A/S TF show that the frequency modulation in the
A/S TF depends on the sound speed and the thickness of
the layers. It is thought that the regular variability of the

1ground parameters combine with the random
30 fluctuations of the parameters. The regular changes of

the properties of the layers will lead to inclination of the
!, 20 3 40 lines of the local minima and maxima in the TF.

Figure 13 Fluctuation of the parameters will lead to irregularities in
this structure. It was also thought that different

dependencies of the TF along and across the road were connected with the additional stress
produced by the wheels of vehicles driving through the same place repeatedly. The model of the
ground consisting of three elastic layers with the varying sound speed covering the elastic
substrate was used to model the experimentally observed A/S TF. The results of the modeling of
the A/S TF are shown on the Figure 13. One can see good qualitative agreement between
calculated and measured TF. Therefore, it was shown that spatial fluctuation of the A/S TF may
be successfully qualitatively modeled in the frame of the layered model of the ground which
incorporates velocity variability data. Direct measurements of the compressional and shear
velocities made on the dirt lane at the Army test site confirm existence of the different velocities
in the areas of the lanes consistently driven over and areas that are less disturbed.

Summary of Soil Property Variations

A full discussion of these studies can be found at Reference [4], "Effect of variability of
soil physical properties on clutter and false alarms in landmine detection," Reference [5], "Effect
of ground variability on acoustic-to-seismic transfer function and false alarms in landmine
detection," Reference [6], "Effect of ground variability on clutter and false alarms in landmine
detection," Reference [7], "Determination of soil background parameters via acoustic-to-seismic
transfer function," and Reference [8], "Influence of wheeled vehicular traffic on the acoustic-to-
seismic transfer function."
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Modeling

Substantial gains were made in the modeling of the phenomena underlying the acoustic
mine detection technology. These gains are documented in Reference [9], "An effective fluid
model for landmine detection using acoustic-to-seismic coupling" by Velea, Waxler, and
Sabatier. Work was conducted on a finite-difference time-domain study of the effects of soil
reconsolidation and is documented in Appendix A, "The effect of soil reconsolidation on
acoustic mine detection."

MinelSoil Models

NCPA also conducted studies for the development of an acoustic modal model of a
mine/soil system to better understand the mine response. This effort resulted in a doctoral
dissertation by W. C. Kirkpatrick Alberts II and is presented in Reference [10], "Resonance
frequency shift saturation in acoustic landmine detection experiments," and Reference [11],
"Studying the mechanical behavior of a plastic, shock-resisting, anti-tank landmine."

Many, if not all, of the plastic landmines contain detonating mechanisms that are shock
resistant. These mechanisms result in the top plate of the mine being acoustically compliant, or
soft, compared to the soil and it is this contrast property that makes these mine types easy to
detect. Acoustic models of these mines have been based on the simple harmonic oscillator
(SHO) which results in the classical magnitude and phase resonance responses. At the
resonance, the velocity magnitude goes through a maximum and the phase goes through zero.
For most mines, the 'Q' of the resonances are not large and the magnitude and phase effects are
often weak. There have been several papers describing how the frequency of the resonance will
change with added mass. Donskoy has proposed SHO models that included shear effects as well
as the added mass or soil acting as a thin plate. Others, including Korman and Sabatier, and as
well Donskoy, have conducted laboratory experiments in which mass was added to the top plate
of mines and even mine surrogates. As the mass, representing soil, is increased in these model
experiments, various results for changes in the resonant frequency have been reported. Most
prevalent is data suggesting that the resonant frequency first decreases and then dramatically
increases with added mass.

Figure 14 shows resonance frequency as a function of mine depth and comparison with
predictions of Donskoy's coupled oscillators model (D. Donskoy, A. Ekimov, N. Sedunov, and
M. Tsionskiy, "Nonlinear seismo-acoustic land mine detection and discrimination," J. Acoust.
Soc. Am., 111(6), 2705-2714 (2002)) and Velea's effective fluid model, (D. Velea, R. Waxler,
and J. M. Sabatier, "An effective fluid model for landmine detection using acoustic to seismic
coupling," J. Acoust. Soc. Am., 115 (5), 1993-2002 (2004)). Donskoy's lumped element or
coupled harmonic oscillator model predicts a continuous reduction in the resonant frequency as
mass is added to the landmine, the addition of soil shear strength reduces the rate at which the
frequency decreases, while Velea's effective fluid model predicts a saturation of the resonant
frequency with increasing depth. Donskoy published the two coupled oscillators, without shear
and later added soil shear and then Zagrai published the soil plate SHO model (A. Zagrai, D.
Donskoy, and A. Ekimov, "Structural vibrations of buried land mines," J. Acoust. Soc. Am., 118
(6), 3619-3628 (2005)). The solid line in Figure 16 shows Zagrai's SHO model with the soil
acting as a plate and shows that the resonant frequency first decreases and then increases
monotonically as mass is added to the landmine.
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In Figure 15, the magnitude of the ground surface particle velocity response for a point or
pixel directly over a VS2.2 plastic antitank landmine buried at six different depths in a weathered
gravel lane is shown. For this field data there is no clear trend for the frequency of the resonance
to either decrease or increase. However, if one neglects the results for the I or the 2 inch depth.,
there is a trend for the resonant frequency to first decrease and then slightly increase.

240

220

200 Donskoy's with shear Figure 14. Resonance frequency
r ns=27 mIS as a function of mine depth:

S180 \ c =18 MIS fnto"/ comparison between the
160 / predictions of Donskoy's coupled

oscillators model and Velea's140- Effective Fluid - Compliant Top scattering model efciveatlu model."---.effective fluid model.
120 "--.~ sound speed = 160 mfs

100 -

z-4ayer (infiiiineite
A, model

Two coupled oscillators model
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resonance frequency shift versus
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t, 0.3 coupled plate model
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Signal Processing

NCPA performed research in signal processing by investigating alternative methods for
signal processing. These included new techniques for analysis and for image processing.

Wavelet Analysis

A time-scale, linear method (wavelet analysis) was utilized for improving the probability
of landmine detection. It has been shown that the wavelet map of the frequency dependence of
the normal particle velocity at different spatial points provides additional information about the
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structure of the acoustic-to-seismic transfer function. Wavelet analysis of the measured signals
resulted in typically stable characteristics for the undisturbed ground, the disturbed ground, and
the ground with a mine. These characteristics may be used for the discrimination of false alarms
and as an additional criterion to find mines that are hard to locate by traditional methods. A
further description of this research may be found in Reference [12], "Wavelet analysis for
landmine detection false alarm discrimination."

Imae Processing

A new image processing technique based on phase information was developed and
employed to assist in rejecting false alarms. The phases of the ground's surface particle velocity
for both off-target and on-target locations offer contrast to aid in the detection of mines. In raw,
unprocessed images of the magnitude and phase of the ground's surface particle velocity as a
function of frequency, the strongest contrast image for the magnitude appears at a lower
frequency than for the phase contrast image. Simple harmonic oscillator models of the soil/mine
system suggest that one look for the zero crossing in the phase response for pixels over the mine
as a detection criterion. However, both particle velocities measured in field tests and plane
wave, elastic layered models of the ground's phase response show many phase zero crossings for
off-target or background locations, thus precluding zero crossings as a stand alone indicator for
the presence of a mine. Also both these models and field measurements show that the complex
velocity response of the ground becomes spatially more random as the frequency increases. For
frequencies above the mine resonance, both coupled oscillator and plane wave acoustic models
show the phase of the soil particle velocity becomes constant between the first resonance and
first anti-resonance of the soil/mine system. This is observed in many scans of field data as
indicated in the images shown in Figure 16. This figure shows magnitude and phase from 90 to
340 Hz in 20Hz-wide bands. With increasing frequency, the magnitude image is clear before the
phase image and is fading much faster than the phase image. For space reasons, the data below
90 Hz and above 340 Hz is not shown, but the magnitude image is present at lower frequencies
than shown in this figure and the phase image is clear above frequencies reported here.

Earlier work on image processing to detect mines from the ground's particle velocity
magnitude data used three image processing criteria. These were contrast ratio for the velocity
magnitude on and off the target, the spatial size of the contrast region and the persistence of the
contrast over a frequency band of at least 40 Hz. We have developed phase criteria that are
being used in image processing algorithms. These criteria are that both the magnitude and phase
signatures span a contiguous frequency band of at least 40 Hz. The frequency centroid of the
magnitude signature lies below the frequency centroid of phase signature. And, both signatures
spatially overlap, i.e. the Euclidean distance between the two spatial centroids is less than three
pixels when the pixel size is 7cm. This is being tested for antitank mines at this time. Thus far
and over the next year we are developing image processing algorithms to take advantage of the
phase response of the ground for mine detection with the specific goal of improving Pd and
reducing PFA. This is discussed more fully in Reference [13], "Apparatus and algorithms for
acoustic landmine detection."
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Figure 16. Magnitude and phase velocity images of a EMI2 antitank landmine simulant.

5.0 BIBLIOGRAPHY

0 Publications in Peer-Reviewed Journals
o V. N. Fokin, M. S. Fokina, J. M. Sabatier, N. Xiang, and W. B Howard, -Effect of

variability of soil physical properties on clutter and false alarms in landmine detection,"
Radio Sci., 39, RS4SO4 (2004)

o Vladimir N. Fokin, Margarita S. Fokina, James M. Sabatier, and Zhiqu Lu, "Effect of
ground variability on acoustic-to-seismic transfer function and false alarms in landmine
detection," J. Acoust. Soc. Am., 120(2), 621-630 (2006).

" D. Velea. R. Nk'axlcr, and J. M. Sabatier, "An effective fluid model for landmine
detection using acoustic to seismic coupling," J. Acoust. Soc. Am., 115 (5), 1993-2002
(2004).

o W. C. Kirkpatrick Alberts II, James M Sabatier, Roger Waxier, "Resonance frequency
shift saturation in acoustic landmine detection experiments," J. Acoust. Soc. Am. 120(4),
1881-1886 (2006)

o W. C. Kirkpatrick Alberts II, Roger Waxier, and James M Sabatier, "Studying the
mechanical behavior of a plastic, shock-resisting, anti-tank landmine," J. Acoust. Soc.
Am. 120(6),, 3655-3663 (2006).

• Publications in Conference Proceedings

14



o Margarita S. Fokina, Vladimir N. Fokin, and James M. Sabatier, "Effect of ground
variability on clutter and false alarms in landmine detection," Proc. SPIE, Vol. 5415, 156-
166 (2004)

o Vladimir N. Fokin, Margarita S. Fokina, and James M. Sabatier, "Determination of soil
background parameters via acoustic-to-seismic transfer function," Proc. SPIE, Vol. 5415,
30-34 (2004)

o Vladimir N. Fokin, Margarita S. Fokina, James M. Sabatier, "Wavelet analysis for
landmine detection false alarm discrimination," Proc. SPIE, Vol. 5794, 601-611 (2005)

o Margarita S. Fokina, Vladimir N. Fokin, Zhiqu Lu, and James M. Sabatier, "Influence of
wheeled vehicular traffic on the acoustic-to-seismic transfer function," Proc. SPIE, Vol.
5794, 577-589 (2005).

o Ghaith M. Matalkah; Mustafa M. Matalgah; James M. Sabatier, "CFAR detection
algorithm for acoustic-seismic landmine detection," Proc. SPIE, Vol. 6553, DOI:
10.1117/12.719754 (2007).

Presentations at Professional Meetings
o Vladimir M. Fokin, Margarita S. Fokina, James M. Sabatier, and Wheeler B. Howard,

"Geoacoustic inversion via acoustic-seismic transfer function", J. Acoust. Soc. Am., 114
2457 (2003).

o Margarita Fokina, Vladimir Fokin, James M. Sabatier, and Ning Xiang, "Effect of ground
variability on the acoustic-seismic transfer function", J. Acoust. Soc. Am., 114 2457
(2003).

o Margarita S. Fokina and James M. Sabatier, "Acoustic-to-seismic transfer function
attribute for discrimination of false alarms and landmine detection," J. Acoust. Soc. Am.,
116 2494 (2004).

o Vladimir N. Fokin, James M. Sabatier, and Wheeler B. Howard, "Modal analysis of
broadband acoustic signals propagating in the top layer of the ground," J. Acoust. Soc.
Am. 116, 2494 (2004).

o Vladimir N. Fokin, Margarita S. Fokina, and James M. Sabatier, "False alarms associated
with the acoustic-to-seismic detection of buried landmines," J. Acoust. Soc. Am. 115,
2417 (2004).

o Margarita S. Fokina, Vladimir N. Fokin, and James M. Sabatier, "Effects of elasticity and
porosity in modeling of the acoustic-to-seismic transfer function," J. Acoust. Soc. Am.
115, 2384 (2004).

o Chris McNeill and James Sabatier, "Angle of Incidence Seismic/Acoustic Ratios," Mid-
South Area Engineering and Sciences Conference, University, MS 17-18 May 2007.

o Robert Lirette, Thomas Muir and James Sabatier, "Acoustic Saturation of Plane and
Spherical Waves in Air, Mid-South Area Engineering and Sciences Conference,
University, MS 17-18 May 2007.

8.0 GRADUATE STUDENTS SUPPORTED

* Doctoral dissertation completed: W. C. K. Alberts II, "A study of the acoustic behavior of a
plastic blast hardened antitank landmine," University of Mississippi, October 2005.

* Master's thesis completed: G. Matalkah, "Apparatus and algorithms for acoustic landmine
detection," University of Mississippi, May 2007.

• Christopher A. McNeill, Master of Science candidate, Physics
" Robert Lirette, Master of Science candidate, Physics

15



* Gregory Broussard, Doctor of Philosophy candidate, Physics

9.0 REFERENCES

[1] J. M. Sabati.cr, "Acoustic Technology for Landmine Detection", Final Report, Contract
Number: DAAB07-97-C-6040, NCPA Report JS0700-01, 2001, 66 pages.

[2] J. M. Sabatier, "Acoustic Technology for Landmine Detection", Final Report, Contract
Number: DAAB15-00-C-1005, NCPA Repoit JS0303-01, 2003, 387 pages.

[3] J. M. Sabatier, "Fusion of Acoustic and Ground Penetrating Radar
Sensors," Final Report, Contract Number: DAAB15-02-C-0024, NCPA
Report JS0807-01, 82 pages.

[4] V. N. Fokin, M. S. Fokina, J. M. Sabatier, N. Xiang, and W. B Howard, "Effect of
variability of soil physical properties on clutter and false alarms in landmine detection,"
Radio Sci., 39, RS4SO4 (2004).

[5] Vladimir N. Fokin, Margarita S. Fokina, James M. Sabatier, and Zhiqu Lu, "Effect of
ground variability on acoustic-to-seismic transfer function and false alarms in landmine
detection," J. Acoust. Soc. Am., 120(2), 621-630 (2006).

[6] Margarita S. Fokina, Vladimir N. Fokin, and James M. Sabatier, "Effect of ground
variability on clutter and false alarms in landmine detection," Proc. SPIE, Vol. 5415, 156-
166 (2004).

[7] Vladimir N. Fokin, Margarita S. Fokina, and James M. Sabatier, "Determination of soil
background parameters via acoustic-to-seismic transfer function," Proc. SPIE, Vol. 5415,
30-34 (2004).

[8] Margarita S. Fokina, Vladimir N. Fokin, Zhiqu Lu, and James M. Sabatier, "Influence of
wheeled vehicular traffic on the acoustic-to-seismic transfer function," Proe. SPIE, Vol.
5794, 577-589 (2005)

[9] Doru Velea, Roger Waxler, and James M. Sabatier, "An effective fluid model for
landmine detection using acoustic to seismic coupling", J. Acoust. Soc. Am., 115 (5),
1993-2002 (:2004).

[10] W. C. Kirkpatrick Alberts II, James M Sabatier, Roger Waxler, "Resonance frequency
shift saturation in acoustic landmine detection experiments," J. Acoust. Soc. Am. 120(4),
1881-1886 (2006)

[11] W. C. Kirkpatrick Alberts II, Roger Waxler, and James M Sabatier, "Studying the
mechanical behavior of a plastic, shock-resisting, anti-tank landmine," J. Acoust. Soc.
Am. 120(6), 3655-3663 (2006).

[12] Vladimir N. Fokin, Margarita S. Fokina, James M. Sabatier, "Wavelet analysis for
landmine detection false alarm discrimination," Proc. SPIE, Vol. 5794, 601-611 (2005).

[13] G. Matalkah, "Apparatus and algorithms for acoustic landmine detection," Master of
Science Thesis, University of Mississippi, May 2007.

16



Appendix A

The effect of soil reconsolidatlon on acoustic mine detection

L. Dwynn Lafleur

Nalinal Centerfr Phvsical Acnastic. The Universitv of Mississipp, Unver it. Mississippi 38677
(Dated: 13 August 2004)

This report describes a finite-difference time-domain study of the effects of soil recon-
solidation on the detection of buried mines using acoustic-seismic coupling. The ground is
modeled as a semi-infinite elastic solid containing a surface layer of lower density and elas-
tic moduli. The mine, modeled as a soft elastic slab, is buried within the surface layer of the
ground. It is insonified by a loudspeaker in the air to one side of the mine. The calculations
show that when the soil above the mine has low density and ela,,tic moduli characteristic
of unconsolidated soil. a large difference exists betweven the on-target and off-target seismic
response of the ground surface near the rnine. However, when the soil becomes reconsoli-
dated, the seismic contrast is greatly diminished. This agrees with observations in the field.

I. INTRODUCTION

NVhen a land mine iS dcplocd. the LS]tl pr'eCdur is to diL a ShiUllk)% h01c in the sOil. pltcc he
mine at the bottom of the hole. then retill the hole with the excavated soil. This process necessarily
leaves the soil above the mine in a relatively unconsolidated state. Over the period of several
months or years. d-pending on local weather, the soil over the mine gradually reconsolidates and
approaches the fIorril of the undisturbed soil surrounding the mine.

Over the past few years. the National Center for Physical Acoustics has shown the feasibility ol'
uSinL acoustic-seIsmic coupling to detect buried land mines. The techtnique employs a loudspeaker
to generate sound waves in air and a laser doppler vibrometer (LDV) to detect a difference between
the tc\u [tin vibration amplitude of the ground surface above the center of the mine (on-target) and
the surface away from the mine (off-target). Measurements have been performed at Fort A. P. Hill
on mines both soon after burial and several yeas a'ter burial. The earlier measurements show
a large difference hetween the on-target and off-target signals. but that difference is signilicantly
diminished in the later measurements.

This report describes a finite-difference time-domain (FDTD) study of this effect. The calcutla-
tions are limited to wave disturbance in two dimensions (P-SV waves) and thus cannot be expected
to be 1 uuniiiiail" accurate. Instead. the work is an attempt to verify the effect of reconsolidation
qie ii lv ,v in ho es f lead1inS toi a bcttcr understanding of the phyxsics involved and p)erhapS aid
in offsetting the negative consequences of the effect.

II. NUMERICAL PROCEDURE

A. The FDTD method

The finite-difference method described in this report is based on earlier work by Virieux' and
Collino and Tsogka 2 . The latter study who used the same FDTD method as the first but with a
more recent and superior absorbing boundary condition, the petfectly matched layer.3

The method involves a time-domain calculation in two spatial dimensions: thus, wave variables
are assumed uniform in the third dimension. The medium in the calculation method may be
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heterogeneous. but it is assumed to be locallv isotropic so that only two elastic constants. e.g.. the
LamC- constants A and A. are needed to specify its elastic properties at each position. In addition.
the spatial dependence of the density must be provided.

Wave propagation is formulated in terms of the two components of particle velocity, the two
components of normal stress, and the single shear stress component as appropriate for P-SV waves
in two-dimensions. The method is based on the constitutive relations and first-order differential
equations of motion relating the particle velocity and stress. Use of a staggered grid gives a
procedure with second-order accuracy. For further details, see Refs. I and 2.

Computations based on the above method are perfortned on a personal computer using a con-
bination of a Mathematica notebook and a compiled program consisting of Fortran subroutines
with a C front-end interface. The user enters the numerical parameters of' the FDTD simulation
ald the lnCtionS CSCribinL the mCdiLlIll. Source, aid receivers in the 11uwmuhmica environment.
where Aathemalica's calculation and graphics abilities aid in determining input values and func-
tions. These data are then passed to the compiled Fortran subroutines via aihematica's AathLink
feature, which connects with the C interface in the compiled program. The Fortran subroutines
perform the actual time stepping of the FDTD method. writing the results to files. (The use of
compiled Fortran for the time stepping greatly reduces the calculation time from that required

were the calculations performed in the interpretive 2Valhemalica environment.i The.\'"!hemmica
notcbook then reads the files and plrrmVs the nuInericaIl and grahic alaly sis of the N\4l s as
desired by the user.

It. Medium properties

The study reported here models wave propagation in a heterogeneous medium consisting of a
scmi-inlinite fluid (i.e. air) above a semi-infinite elastic solid (i.e., ground). The ground is assumed
to consist ot' a 0.30-m-thick surface layer of rClatively low elastic modui atop a sWmi-infinitC solid
of hiLher elastic moduli. an approximation to the top two meters of ground at the "gray gravel
lane" at Fort A. P. hill.4 Since an FDTD calculation is limited to a grid of finite extent, the medium
inl the calculation was 2.00 mn wide and 2.00 in tall, with its center at the surface of the ground
directly above the center of the mine. (See below.)

The properties of the materials constituting the medium are shown in Table I, where 1) is the
density and ,1 and i are the Lame parameters of the media. The quantities listed for "ground.

. are based on seismic masurcnents 4 of the oray gravel lane at Fort A. P. Hill. Since no
illeas,rlC11s. wcr avail able [or uncnAsolidatcd , vil, valucs based on lWaSere.L prlopCrties Of

punice5 were used.

TABLE I. Properties of portions of the heterogeneous medium in the FDTD study. Shown are
the density p and Lam6 parameters .t and p.

Medium p (kg/tn 3) It (Pa) P (Pa)
air 1.21 1.42 x 105  0

ground. surface layer 1700 1.04 x 108 1.20 x 107
ground. lower region 1700 3.92 x 108 3.93 x 107
unconsolidated soil 660 3.00 x 106 1.06 x 106
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C. Source properties

The loudslveaker used as a source in the acoustic mine detection technique was modeled as a
0.50-m-tall vertical plane containing a uniform distribution of monopole stress sources of iden-
tical strength and lime dependence. The assumed time dependence was the time-differentiated
Gaussian pulseG a s i n p l eF (t)} = A . (t - I / fo)exp [- 4 r ()(It-  I/ fo)] . i

where A is a scaling constant in units of pascals per second and J" is the (amplitude-weighted)
average frequency of the signal. Since the FDTD method is based on linear theory. the results are
independent of source amplitude except for scaling. In order to yield particle velocities convenient
in 1,cain,2 of Lraphs. A = i,.C,, Wi, used, where j, and c are the denlsitV and P-wave speed.
respectively. ill the surface layer ol thea l'OUnd. The average trequency for the calculations choscn
was = 200 Hz. With these values, the source signal is as shown in Fig. 1.

stress (Pa)

40{00

20000.time 

s,
-0.005 0.{ / 0.01 005 0.02

- 40000

FIG. 1. Source signal used in this study.

In all calculations, the bottom edge of the source plane was located 0. 10 m above the ground
and at a horizontal distance of 1.00 m from the nearer edge of the mine.

1). Mile properties

Experimental modal analysis of the vibrations of the top plates of several mines in air have
shown a minimum resonance frequency of about 260 Hz. 6 In the FDTD study reported here, the
mine is modeled as a 0.30-m-wide. 0.10-m-thick slab of soft material of density 1000 kg/m -3 and
Lan16 parameters ,L and p of 4.64 x 106 Pa and 3.09x 106 Pa. respectively. When resting on a rigid
surface, such a slab has a quarter-wave thickness resonance frequency of 260 Hz.

In FDTD simulations with the mine present. the mine was always positioned with its major
surfaces horizontal and its top 0.10 rn below the ground surface. As mentioned above, the mine
was always a horizontal distance of 1.00 m from the source.
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E. Receiver (LDV measurement) locations

Tile FDTD program provides for the placement of an arbitrary number of point receivers in
the medium. Each of these receivers records the time history all five wave disturbances (two
components of particle velocity and three elements of stress) at its location. The only receiver
signals presented in this report are vertical components of p,rticle velocity at the ground surface-
thus, the receivers are simulating LDV measurements.

The same linear array of five receivers was used in all calculation. The five points of measure-
ments were all on the ground surface. with the central receiver (Receiver 3) of the array directly
over the center of the mine. The outer two receivers (Receivers I and 5) were each 0.30 m from
the center of the array, i.e., 0.15 m beyond the outer edge of the mine. The other two receivers
(ReceiNvrs 2 and 4) were each 0. 12 i from the center of the array, i.e., 0.03 i inside the outer
d-te of tLhC Mllne.

F. Case studies

FDTD Simulllations were perf rmed for three cases: (1) no mine present. (2) the mine present
and occupyinz the bottom half of a 0.30-ni-wide, 0.20-in deep hole. the top halt* lilled with tin-
consolidated soil. ad n 3 the sdIme : the priOLNs cUsc with the cons] lidated s oil replaced by the
on'i n at s nl'ace a,er material. i.e.. recons0lidated "Oil.

III. RE'SUIrS

A. Case 1: No mine

FiI1re 2 shoW tIe distribution, of the horizontal component (U) and vertical compolent (V)
of the partiele velocity 5.00 is after the source starts Cmitting the wave corresponding to the
signal shoiwn in Fio. 1. Since the acoustic impedance of the ground is so much greater than that
of air. the wave penetration into the ground is invisible on the scale used in the figure. Note that
the vertical componcrt of velocity near the ground is very low. Since the average wavelength of
the acoustic radiation in air is over 3 m and the ground is relatively rigid, the surface is almost a
vertical velocity node.

If the color scale is reduced. the distribution of particle velocity in the sub-surface region is
visible, as showin in Wi .3. Here. we see the initial penetration of the P-wave throt,0h the surface
layer and into the boltton reo on.

Figure 4 shows two later distributions of particle velocity. Inspection of the velocity distribution
figures between the two shown here indicates that the local maximum in V near the surface at
approximately .x = -0.4 in in Fig. 4(a) is the same that near x = 1.5 in in Fig. 4(b). Thus.
the maxima and minima near that peak are associated with either a true surface wave or a wave
traveling inside the wave guide formed by the upper and lower boundaries of the surface layer.

The vertical components of the particle velocity recorded by the receivers are shown in Fig. 5.
Given that Receiver I through Receiver 5 are progressively farther from the source, we see the
expected later arrival of respective maxina and minima from one receiver to the next. However.
the shapes of portions of the signals vary among the receivers, indicating interference effects.

The absolute values of the Fourier transforms of the signals in Fig. 5 are shown in Fig. 6, along
with that of the source signal, Fig. 1. It is clear from these figures that the ground forms a band-
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FIG. 2. Particle velocitv distribution in the air at tint e = 5 ms. U and V arc the horizontal
and vertical components. respectively. Note the location of the ground surface at - = 0. the
1iottom of the surface layer at - = -0 30 m. and the linear array of fi%v mceivers at the ground

surface.

2 UO.O(X) si VtO.0500 51

S0.

I - I

-2 -2- i -I1 0 1 2 -2 -I 0 1 0

FIG. 3. Particle velocity distribution in the ground at time z = ms Nith no mine present,.
Note the color scale is reduced from that in Fig. 2

pas. liller fOr the v.'lical velocity Components detected by the receivers. Fourier amplitudes in the
frequcncy band firni approximately 120 "z to approximately 220 H are attenuated in the receiver
signals at all locations.

R. Case 2: Mine beneath unconsolidated soil

The particle velocity distribution at i = 45 nis with the mine beneath unconsolidated soil is
shown in Fig. 7. ttere we see that reflections from discontinuities in the surface layer due to lie
hole produce much different velocity distributions in the layer than that in Fig. 4 (b). In addition.
the mine and unconsolidated soil cause waves to be broadcast back into the air more elliciently
than in the previous case.

Figure 8 shows the receiver signals for this case. Comparing with Fig. 5. we see that the most
olVious difkrencC is the reduction of the signals detected by the outer receivers.

The absolute value of the Fourier transforms of the signals in Fig. 8 are shown in Fig. 9. As
expected from the signals. we see a dramatic reduction in response of the off-target receivers at all
frequencies. The on-target receiver shows a significantly stronger signal a virtually all frequencies.
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FIG. 4. Particle velocity distributio,n in the ground at tinws (a) = 25 ns and (bi. = 45 nis
it)h I I lie Plciv% llt.

sugestiln- easy dorection hv the acoustic-seismic mnethod.

C. Cat 3: Mine heneath reconsolidated s,il

The receiver signals for the mine beneath reconsolidated soil. i.e.. the same medium a" the rest
tf the surlace layer. are shown in Fig. 10. Comparing these signals to those in Fig. 9. we see that
the strenlh of tihe off-target signals has returned. In addition. the signals in this case arc strolger
that those recorded in tile asence of tle mine (Fig. 5 .

Figure I I shows the ahsolute value of the Fourier transforris of the receiver signals with the
mine Ibneath reconsolidated soil. When these results are compared with Fig. 6. it is seen that
the band-pass lilter ellect is io longer present. explaining the difference in the signals with and
Without1,1 the mine as noted above.

Ilowever, in comparing Fig. I I with Fig. 9. we see that the large contrast between the on-target
and off-target signals seen with unconsolidated soil no longer exists. This is the unfoirunate result
observed in actual field leasurements as mentioned in the Introduction.
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FIG. 5. Vertical components of the particle velocity at the five receiver locations with no
mine present. The coordinates of the receivers are given in the text. Receivers I and 5 are the

outermost and Receiver 3 is over the center of the mine.

IV. CONCLUSION

This report has described an FDTD study of the effect of soil reconsolidation on the sensitivity
O1 IlC,,il IC detection. Prelii unary anulvsi, has showi thai. ill agreement with CXClhlll-
tal iCasLlrements, a loss in on-target-to-offI-arget contrast occurs when the soil above a mine is
reconsolidated.

Further analysis of the detailed output of the FDTD simulation is being performed. It is hoped
that several features demonstrated by the study will be better understood, especially the interesting
phenomena related to wave propagation along the surface layer. Realizing the physics involved in
these phenomena is an important part of understanding the process of acoustic mine detection.

* Electronic address: la fleurKlouisiana. edu; Permanent address: Department of Physics. Univer-

sity of Louisiana at Lafayette, Lafayette, Louisiana 70504
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FIG. 6. Absolute values of the Fourier transforms of the receiver signals with no mine

present, along with that of the source signal.
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Appendix A
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FIG. 7. Particle velocity distribution in the ground at time i = 45 ms in the presence of a mine
beneath untconsolidated % io. Compae to Fig. 4 (b).
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FIG. 8. Vertical components of the particle velc-ity at the tive receiver locations with a mine
beneath unconsolidated %oil. Recall that Receivers I and 5 are the outermost and Reteiver 3
is over the centerof the mine.

A-9



Appendix A

Abs (FFT of Receiverl) Abs (FFT of RecaivQr2?
88

6 6.

4 4

2 2

0 100 200 300 400 0 100 200 300 400

Abs,,FFT cf Rqcei7rer3) Abs(FFT of Rceivar4.

6 6-

4 4-

0 100 200 300 400 0 100 200 300 400

Abs:FT of Receiver5i Abs 'FFT of Source'

120000
8

100000
6

80000

4 60000

0 100 200 300 400 50 100 150 200 250 300 350 400

FIG. 9. Absolute values of the Fourier transforms of the receiver signals with a mine beneath

unconsolidated soil, along with that of the source signal
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FIG. 11. Absolute values of the Fourier transforms of the receiver signals with a mine

beneath reconsolidated soil, along with that of the source signal
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